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Absorption and emission at 4 and 77 K are observed in Cr-doped TiO, consisting of two
sharp no-phonon lines at 12685 and 12732 cm™!, and vibronic sidebands with an integrated in-
tensity 10 times that of the no-phonon lines. In undoped TiO,, identical spectra are observed
but are a factor of 100 less intense. The center responsible for these spectra is identified as

substitutional Cr® by observing, in emission, a splitting of the 12 685-cm™! line of 1.4 cm™,

-1

a value previously determined by EPR measurements. The vibronic sidebands have some
structure superposed on a broad band. The vibronics are different in emission and absorption
and have a lifetime of 45 usec, equal to that of the no-phonon line. They are shown to be
principally due to defect-induced phonons arising from the cr® defect. We argue that the
spectra observed are not characteristic of the usual ZEg—4AZg transition, and propose that the
4T, lies lower in energy than the ZEg state. If so, the new results of this work are (1) no-
phonon line emission for the ‘7,-%4, transition and (2) defect phonon states which are different
for the %A, and ‘T, states. The excitation spectrum is also presented. It shows that the ex-
citation of the Cr® emission occurs mainly by the transfer of energy from excited trapping

centers rather than by direct excitation.

I. INTRODUCTION

The motivation for the experiments to be re-
ported in this paper was the observation, upon
preliminary examination at 77 K, of sharp line
photoluminescence at ~8000 A in undoped TiO,.

In some ways, the fluorescence suggested simi-
larities to that of Cr®* in SrTiO, in which one of
us! (S.S.) suggested that it is due to Cr®* while
the other? (L.G.) proposed that it is not. Later,
Burke and Pressley® in a study of the Zeeman
effect of the sharp line infrared fluorescence of
SrTiO, concluded that the sharp line could be con-
sistently interpreted as a transition from the *E,
state to the 4A2g state of Cr3*, The question then
arose: is the fluorescence observed in undoped
TiO, due to a Cr®* ion or not? This decision was
facilitated by the study of Gerritsen et al.* of the
electron paramagnetic resonance spectrum of Cr-
doped TiO, in which the splitting of the *4,, ground
state of Cr®* was measured to be 1,4 cm™ and,
therefore, easily resolvedoptically, In brief then,

optical absorption, photoluminescence, and excita-
tion spectra presented in this paper unequivocally
decide in favor of Cr?®* fluorescence in TiO,.

Thus, just as in the case of SrTiO;, spectrochem-
ically undetectable amounts of Cr are easily de-
tected in photoluminescence.

However, analysis of our data presented unex-
pected difficulties for the “standard” interpretation
in which the lowest-lying electronic excited state
of the Cr®* is the 2E, state. Instead we believe
that our data suggest that the 4T2g state is the
lowest-lying electronic excited state of Cr®* in
TiO,, and a major portion of this paper is devoted
to this thesis. If our suggestion is correct, the
4Ty, ~*A,, emission of Cr®* in TiO, is unique in that
this transition gives rise to line emission in addi-
tion to the usual broad-band emission. Previous
work on Cr* in octahedral oxygen coordination
show only a few cases®~" in which the lowest ex-
cited state is the 4ng state rather than the %E,
state. In contrast to Cr®* in TiO,, however, the
*T,, zero-phonon transition was not seen.
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FIG. 1. Rutile struc-
ture. The y axis is the ¢
axis of the crystal; the x
and z axes are at 45° with
respect to the a axes.

An additional motivation for investigating the
fluorescence of Cr3* in TiO, was the possibility of
observing a temperature-dependent optical phonon
in the vibronic spectrum. The static dielectric
constant € of TiO, changes with temperature,® and
thus, according to the “soft-mode theory” of An-
derson® and Cochran, !° there should be a tempera-~
ture-dependent transverse optic mode of vibration.
Rutile has the advantage of being uniaxial, making
the identification of the phonon symmetries easier
through their polarization properties. However,
it will be shown that the vibronic spectrum that we
observe is frustrated by the dominance of defect-
induced phonons, the defect being the Cr3* ion. In
fact, the vibronics in absorption and emission are
different and are not related in an obvious way to
the measured values of the phonon frequencies at
the center of the Brillouin zone, !*

Finally, the work reported here may be consid-
ered a link in the spectroscopy of transition-metal
ions in the titanates that has recently become
available: Zn,TiO,:Mn**, Mg,TiO,: Mn**, !
MgTiO,: Mn**, ¥ Mg,TiO,:Cr®, * SrTiO;:Cr® 173
SrTiO;: Mn*, ! and CaTiO,:Cr®. 1

The experimental technique used in this study
has been described previously. ?

II. CRYSTALS

Large single crystals of TiO; and TiO,:Cr grown
by the Verneuil flame fusion method were either
purchased commercially or grown in this labora-
tory. In undoped crystals the Cr concentration
was below the detection limit of emission spectro-
chemical analysis. Chromium-doped crystals
were doped either 0. 005 or 0.02% by weight. The
data shown are for the best crystals only, our
criterion being the linewidth of the zero-phonon
line. This linewidth varied from boule to boule
presumably because of strain broadening., The
excitation spectra and photoconductivity spectra
were found to be sensitive to the condition of the
surface of the crystal in the region of band-to-
band absorption (~ 3 eV). This could be eliminated
by a chemical polish consisting of dipping the crys-
tal in molten NaOH (600 C) for 1 min and subse-
quent cleaning in boiling concentrated HC1l. The
crystals were then washed in distilled water,
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Parenthetically, we would like to add that an
attempt to observe the Mn** fluorescence in Mn-
doped TiO, was unsuccessful, From this we con-
clude that the state of the Mn ion is not mainly
Mn**, Presumably it is Mn®*, Attempts to con-
vert the Mn®* to Mn** by heating the Mn-doped TiO,
in oxygen at a pressure of 10 kbar at 500 C were
also unsuccessful,

The rutile form of TiO, is a tetragonal crystal
belonging to the crystal class D,, and the space
group Dit (P4,/mnm). The unit cell (Fig. 1) con-
tains six atoms. Each Ti** ion is surrounded by a
slightly deformed oxygen octahedron, so that the
local symmetry of a Ti** site is only orthorhombic
(D,;). There are two Ti sites in the unit cell, and
they are related by a rotation of 90° around the
c axis of the crystal, From the EPR work of Ger-
ritsen ef al. we know that in Cr-doped TiO, almost
all the Cr®* ions are in Ti** substitutional sites
with no local charge compensation.

III. RESULTS AND DISCUSSION

Figure 2 shows the gross features of the optical
absorption in Cr-doped TiO,. The weak band at
1.7 eV, after subtraction of the “background” ab-
sorption, has a strength proportional to the Cr®*
concentration and is due to a d-d transition of the
Cr®* ion, as we shall see later, The “background”
absorption in the visible part of the spectrum is
not due to the Cr ion. This can be shown by heat-
ing a Cr-doped crystal of TiO, in H, at 500 C. As
a result of this treatment, the absorption in the
visible part of the spectrum decreased by a factor
of about 5. In contrast to this the absorption
around 1.7 eV, after subtraction of the “back-
ground” remained unchanged. This “background”
absorption is characteristic of transition-metal—
doped titanates, SrTiO, and CaTiO; doped with
Cr®*, Fe®, and Co®, for example. We speculate
that since the “background absorption” occurs only
when the crystal is doped, it arises because of de-
fects induced by the dopant.
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FIG. 2. Absorption of T102:Cr3"’ at room temperature.
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FIG. 3. Comparison of absorption and emission of

the Cr® ion in TiO, at 4 K. A, and A_ are no-phonon
lines.

Ghosh et al.'® were first to observe a broad
unsymmetrical emission band at 8500 Ain undoped
TiO, at 77 K. In undoped TiO, and under low spec-
tral resolution, we have observed the same emis-
sion band at 77 K. Under high resolution, how-
ever, we find that this emission band breaks up
into a spectrum of considerable structure.

Ghosh ef al. tentatively identified the emission
center as an interstitial Ti®* ion, Anticipating its
identification, to be demonstrated below, we shall
conclude that it is, in fact, substitutional Cr®,

The same emission occurs in Ti0,:0. 005% Cr
although it is about 100 times stronger. For
Ti0,:0.005% Cr at 4 K the gross features of the
emission are shown in Fig. 3, which also in-
cludes an absorption spectrum of a TiO,:0.02%
Cr sample. A more detailed emission spectrum
at 4 and 77 K is shown in Fig. 4. Two sharp
lines, henceforth to be identified as the A_ and A,

AND BROWER 2
lines, are seen in emission at 77 K. The lower
energy line A_is at 12685 cm™; the higher energy
line A. lies 47 cm™ higher in energy. The same
two sharp lines are seen in absorption. The emis-
sion and absorption spectra are unsymmetrical
with respect to the sharp lines. Greater structure
is seen in emission than in absorption. We also
find the relative intensities of the components of
the spectrum independent of Cr concentration, in-
cluding a nominal doping of zero, and that the
decay time of the emission line (zero-phonon line)
A_at 12685 cm™ and the broad-band emission are
equal, We, therefore, conclude that the emission
is caused by a single center,

The identity of the center, as Cr®’, was estab-
lished by observing that in emission, at 4 K the
zero-phonon line A_ is split by 1.33 cm™, as
shown in the inset of Fig, 4. Since the linesover-
lap, the true separation of the lines is about 1.4
cm™, Now Gerritsen ef al., using the technique
of electron spin resonance, showed that Cr enters
TiO, as Cr®* by substituting for a Ti* ion, and that
the splitting of the 4A2 ground state is 1.44 cm™,
We, therefore, conclude that the center, in our
case, is also Cr®*, Additional confirmation is
that, as will be shown later, the zero-phonon line
is a magnetic dipole transition and that, therefore,
the center site is centrosymmetric, which is ne-
cessarily the case if Cr®* substitutes for a Ti**
ion without local charge compensation,

In this paragraph, we summarize some of the
main properties of the absorption and emission
spectra. The higher energy line A,, 47 cmfrom
the A_ line, is absent in emission at 4 K; further-
more, its position at 77 K coincides with that in
absorption at 4 K. From the fact that its linewidth
is identical to that of the A_ line, we conclude that
the A, line is, also, an electronic transition of the
Cr’* jion. From the temperature dependence of
the intensity of the A, line, we find that the 47-cm™
splitting is in the excited state. The lifetime of

0,005 % Cr
4K
o 268s
v (cm™)
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+ 200 o] - 200 -400 - 600 -800 -1000 -1200

FIG. 4.

Fluorescence of TiOQ:Cr3* at 77 and 4 K. A_ and A, are no-phonon lines. The insert shows the splitting

of the A_ line, which was recorded photographically.
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the fluorescence, both the sharp line A_ and the
broad band, is 45 usec at 77 and 4 K. The broad-
band emission and absorption are about twice as
strong in ¢ as in 7 polarization. Table I lists

the relative intensities of the various lines in o
and 7 polarization. From the o, 7, and o absorp-
tion spectra, we have determined that the sharp
lines A, and A_ are magnetic dipole transitions
and that the broad band is primarily of electric
dipole character. The approximate oscillator
strength for the lines A, and A_is 4 X107, where-
as that of the broad band is 3 x10™, The linewidth
of each of the two lines into which the line A_ splits
(see inset of Fig, 4)is 0.6 cm™ at 4 K, At77K
these two lines coalesce into the single line A_ of
width 16 cm™, a rather large increase.

A. *T, or 2E Excited State?

We first speculated that the lines A, and A_ orig-
inated from the °E, - *A,, transition of Cr®*, com-
monly known as the R lines, However, the spectra
we observe are uncharacteristic of the usual ZEg
-‘4A2g transition in the following respects.

(a) The lifetime of the Cr®* fluorescence in
TiO,is 45 usec compared to the R-line lifetime of
4,3 msec in AL,O;, '" 11,6 msec in MgO,'® and 18.4
msec inSrTiO,. ! In fact, a lifetime of the order
of milliseconds is characteristic of the ?E, -*4,,
transition of Cr®* in any host,

(b) The phonon side bands of Cr®* in TiO, have
about 7 x10° more integrated intensity than the
zero-phonon lines. Normally, for Cr* in MgO or
SrTiO, as examples, the ratio is of the order of
3:1.

(c) The peak intensity of the broad band occurs
about 1000 cm™ from the zero-phonon line and is
structureless. This is indicative of multiphonon
emission, Normally, R-line side bands consist
of single lattice phonon creation; multiphonon
creation is much weaker,

(d) The increase of linewidth of the zero-pho-
non line A_from 0.6 cm™ at 4 K to 16 cm™ at
77 K is uncharacteristic of a ?E, ~*A,, transition.

TABLE I. Relative intensities of the zero-phonon

lines.

g m
Emission (77 K)
AA_ 1:3.6 1:2.3
Absorption (2 K)
A A <1:5 1.1:1
Emission® (4 K)
A_(mg=+%):A_
(mg=+%) 1.2:1 1.4:1

®The labels, mg=+% and mg=+3 refer to the two
components of the split 4A25, ground state. Gerritsen
et al. found that the ms==+35 state is lowest in energy.

As a typical counterexample, we cite Cr®* in MgO
and Al,0;, in which the width of the R lines hardly
changes in going from 4 to 77 K.'"'*® Cr®*in
SrTiO;is exceptional, the linewidth increases by
a factor of 8, but for good reason: The low~fre-
quency transverse “optical” “soft mode”becomes
populated above 30 K and causes a sizable con-
tribution to the line broadening above the temper-
ature, The lowest optical frequency of TiO,, how-
ever, is ~140 cm™, which at 77 K is not appreci-
ably populated.

We suggest that our observations on the infrared
emission and absorption can be understood by
assuming that the 4ng state is the lowest-lying
excited state and that we are dealing with transi-
tions between this state and the ‘A,, state of the
Cr** ion. In support we offer points (a)—(b) men-
tioned above which are consistent with a *7,~ *A,,
transition. Thus, the lifetime of 45 usec is of
the same order as that observed in Cr**-doped ox-
ides, in which the lowest excited state has been
established to be the *T, state: LiNbO,® (10 usec),
LiTa0,° (11 usec), and ZnWO,® (10 psec). Al-
though a zero-phonon line has not been observed
in the work cited above, for reasons we shall dis-
cuss later, a broad, almost structureless, band is
observed in emission and absorption akin to our
observations on Cr®* in TiO,. We also point to the
large increase of the no-phonon linewidth, a fac-
tor of 25 in going from 4 to 77 K, as supporting
our suggestion, since the *T, state is more sen-
sitive to crystal field than the ®E state and, there-
fore, more sensitive to modulation by the electric
field of phonons, Finally, we point out that the
small value of the crystal-field parameter Dgq
=1380 cm™ in TiO, would favor the *T, as the low-
est excited state. This is to be compared with
1800 cm™ (AL,O,), in which the 2E state is lowest,
and with 1550 cm™ (LiTaO;) and 1530 cm™ (LiNbO,),
in which the 27, state is the lowest excited state.

We reject the possibility that the emission orig-
inated from both states, the line emission from the
2F state and the broad band from the *T', state, on
the ground that at 4 K emission would take place
only from the lowest excited state. This, of
course, is valid only if the energy transfer to the
lowest excited stateisrapid. That this is, indeed,
the case is shown by our lifetime measurements
which show the same lifetime of 45 usec for the
sharp line and broad-band emission. These facts
are difficult to reconcile with an emission result-
ing from two distinct states.

B. 4T, State

The *T, state consists of 12 components, which
are labeled by products of orbital states, [xz),
lyz), |x%=9%), and spin states, my=~ 3, — 3,
+% +3% The coordinate system we are using is
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FIG. 5. Absorption spectrum of Ti0,:0.02% Cr at
4 K near the no-phonon transitions A_ and A4, in @, 7,
and o polarizations. The ordinate represents trans-
mission. The curves are taken from actual experimental
traces. v, Vi, and vy- and vy, are phonon side bands
of the no-phonon lines A- and A,, respectively. The
peak B which appears in the o spectrum only and does
not have a companion is proposed to be a third no-
phonon *7,==“4, transition.

shown in Fig. 1. Because of the spin-orbit inter-
action and the orthorhombic (D,,) site symmetry,
the *T', state is split into six Kramers doublets,
all of symmetry I's*.%° Since all six states have
the same symmetry, there is complete mixing of
the above-mentioned components. The energies
and eigenfunctions of these six states cannot be
obtained unless the magnitudes of the spin-orbit
interaction and the orthorhombic fields areknown.

We observe transitions to two of the six states,
possibly a third. The existence of a third zero-
phonon line is suggested by the results shown in
Fig. 5. The peak B at +172 cm™ from the A_
line appears only in the o spectrum, indicating
that it is a magnetic dipole transition. The 172-
cm™! peak also does not have a companion sepa-
rated by 47 cm™ as do all the other phonons in
absorption. It is likely then that this line is a
transition to a third state of the *7’, manifold.

It is possible to determine experimentally what
the approximate eigenfunctions of these ‘T, states
might be. This can be done by knowing the inten-
sities of the various transitions in the different
polarizations, Table II lists the symmetries of the
orbital components of ‘*Tag in D,, symmetry along
with the magnetic dipole selection rules. We also
are fortunate to know the ground-state eigenfunc-

tionsfrom the EPR studies. Gerritsen etal.* find
that the ground-state components are m =+ 3 and
me==+ %with only a 3% admixture between the two
due tothe orthorhombic field. In principle, a care-
ful measurement of the various line intensities inthe
different polarizations and use of the optical Zee-
man effect could result in good eigenfunctions for
these *T, states. Thus, values for the spin-orbit
coupling coefficient and the orthorhombic field
could be obtained. For example, from Fig. 5 it
can be seen that the A_ and A, lines are mainly 7
polarized, Thus, the two states associated with
these transitions contain mostly the components
lxy) or |x®—-9%); whereas, the third line at
+172 cm™ appears only in the ¢ polarization and
thus contains mostly |yz), However, a detailed
study of this problem is beyond the scope of this
paper.

C. Vibronics

Inspection of either the emission or absorption
spectra shown in Fig, 3 and in greater detail in
Figs. 4 and 6 shows two main characteristics of
the vibronic spectra. These are first, a broad
structureless phonon band peaking at 13800 cm™!
in absorption and 11700 cm™ in emission, giving
a Stokes shift of 2100 cm™; and second, phonon
structure which differs in emission and absorption.
These vibronic side bands are nof typical of the
cooperation of an electronic transition with unper-
turbed lattice phonons in which, characteristically,
multiphonon cooperation is weaker than that of
single phonons and in which the position of the
phonon side bands with respect to the no-phonon
line are mirror images of each other in absorption
and emission, In addition, although the energies
of the lattice phonon in TiO, are known for the
center of the Brillouin zone, !* normally a point
with a large density of states, none of the peaks in
the structure correspond to any of these phonons.

TABLE II. Symmetries and selection rules for the
41,~*A, transitions in D,, symmetry.

A. Symmetries in

On Dy,

Ty | x2) b
2 2

| x2 =92 1

| y2) T

Asg 3

B. Selection rules for magnetic dipole transitions
(nonzero matrix elements)

(LAge | M(x) | *T oy (x2))

<4Azg | M(y) ! 4ng(yz)>

QAgg | M(2) [ 1T9, (6% ~ )
where M is the magnetic dipole moment operator,
M=22,(;+2S)).
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FIG. 6. a-absorption spectrum of Ti0,:0.005% Cr at
4 K. The ordinate represents transmission. These
data complement those shown in Fig. 5 in which the Cr
concentration is four times larger.

The above facts are further evidence against the
zero-phonon lines being Cr®* R lines which in
emission have always shown lattice phonons, *+2+%°
In addition, in the case of ruby the phonon side
bands of the R line in absorption and in emission
are almost identical.!” The reason this is the case
for the R lines is that there is no “displacement
recoil”? for the 2E —*A, transition, i.e., the
equilibrium positions of the Cr ion and the sur-
rounding nuclei are almost the same whether the
Cr®" ion is in the *A, ground or the 2E excited elec-
tronic state, Thus, no large relaxation to the new
equilibrium position of the nuclei is necessary.
Therefore, cooperation of phonons with the R line
is described simply as a weak modulation of the
%A, and 2E states by the normal mode displace-
ments of lattice phonons, This type of interaction
leads to phonon side bands for which the density of
states of the lattice phonon states is the important
factor in producing the side band shape.

The broad-band emission and absorption origina-
ting and terminating in the *T, state is usually ex-
plained as due to a “displacement recoil,” com-
monly displayed in a “configurational coordinate
diagram.” Because of the displacement recoil we
do not expect an interaction with lattice phonons as
simple as that observed for the R-line transition,
In this case the Born-Oppenheimer approximation
is used to separate the ion-lattice system into an
electronic system and a lattice system. The en~
ergy and wave function of the electronic system
depend parametrically on the position of the ion
with respect to the lattice. The energy and wave
functions of the lattice system, in turn, depend on
the energy of the electronic system because the
latter is shown to enter the lattice Hamiltonian as
a potential energy. Consider the situation when a
Cr®* ion is substituted for a Ti** ion in TiO,. In
principle, we could calculate the phonon modes
when the Cr®* is in the *A, ground and *7, ex-
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cited states, respectively. In each case, these
modes include phonons which are not affected by
Cr®, called lattice modes, and others which are
perturbed to some extent, called defect modes,
which include modes commonly labeled as local-
ized, resonance, pseudolocalized, or band modes.
The latter are generally different for the *A and
T, states. At low temperatures, when no modes
are excited, a transition of the Cr®* ion from the
4A2 to the 4T2 state by the absorption of a photon
excites the defect vibrational modes associated
with the *T, state and, in addition, the unperturbed
lattice modes. In emission this is inverted in that
the defect modes are associated with the ‘A, state.
Summarizing, the vibronic side bands consist of
defect and lattice phonons. The defect phonons
participating in absorption and emission are gen-
erally different.

Inspection of the phonon structure shows that
none of the phonons in absorption match any of the
phonons in emission., We, therefore, conclude
that the vibronic side bands are principally com-
posed of defect modes and that participation by
lattice phonons occurs only in combination with
defect modes,

In this paragraph, we comment on the interesting
experimental fact that the vibronic side bands are
principally electric dipole transitions. We first
remark that the no-phonon transition has magnetic
dipole character. Therefore, in the “Condon
approximation, ” which neglects the dependence of
the “electronic” part of the total wave function on
the phonon coordinates, side bands of electric
dipole character are not allowed. Furthermore,
the site symmetry of Cr®* must contain inversion
when the Cr® is in the *T, or %4, state, There-
fore, (a) the defect modes can be separated into
even and odd modes, The same separation, of
course, can be made for the lattice modes. (b)
The “displacement recoil” associated with the ‘A,
=*T, transition is necessarily of even symmetry.

We thus expect the phonon side bands to contain

even phonons.

In going beyond the Condon approximation, we
can expand the electronic wave function to first
order in the odd phonon coordinates (the even pho-
non coordinates do not contribute), In this approx-
imation, it can be shown® that electric dipole
transitions involving multiphonon emission are al-
lowed in which many even phonons but only one odd
phonon participate., To this, of course, must be
added the contribution due to the magnetic dipole
moment connecting the even-phonon states. The
latter contribution, however, is expected to be
small compared to the former. Expansion of the
electronic wave function to orders higher than
first order in the phonon coordinates can be shown
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FIG. 7. Excitation spectra of the infrared fluores-
cence in (a) undoped TiO,y, and (b) TiO,:Cr® at 4 and
77 K.

to lead to electric dipole transitions involving odd
phonons, the number of which depend on the order
of the expansion, In addition, as in the case of
the first-order expansion, many even phonons
participate. Nevertheless, we expect the first-
order term to dominate because the “displacement
recoil” is of even symmetry, Summarizing, we
conclude that the vibronic side bands are mainly
composed of even phonons “assisted” by a single
odd phonon.

The inversion of the experimental results on
such vibronic side bands to obtain quantitative
information about the dynamical properties of the
Cr®* ion or the TiO, lattice is a formidable prob-
lem? and we restrict ourselves to the qualitative
remarks made above., We call attention to recent
theoretical work which deals with the problem of
phonon cooperation in an optical transition, by
these localized or lattice phonons, from a unified
point of view, 224

We finally would like to point to the connection
of this work with previous work. McClure,* in
his study of the optical spectra of transition-
metal ions in Al,04, discusses the absorption
spectrum of the *A —*T, transition of Cr®*, The
general features of the absorption spectrum are
similar to those of Cr® in TiO,. In AL, the no-

2

phonon line is much wider, presumably because

of lifetime broadening since the ‘T, state is not
the lowest-lying excited state. Glass’s® study of
the spectra of Cr®" in LiNbO; and LiTa0Q, also
seems relevant. In these materials the ‘T, state
is identified as the lowest-lying excited state;
however, the zero-phonon line of the 7T, %A,
transition is not seen in absorption or emission.
The reason for this is the lack of overlap of the
zeroth vibrational states of the *A and T, states
which are moved to nonoverlapping regions of con-
figuration space by the large Stokes shift 4600 cm™
and 5000 cm™ in LiNbO; and LiTaOj, respectively.
In TiO, by comparisonwe find a Stokes shift of
2100 cm™, In emission, Glass finds two lines as
precursors to a broad structureless band., He
concludes that these lines are not zero-phonon
lines of the *T, ~*4, transition. We suggest that
they may be structures due to defect phonon par-
ticipation.

IV. EXCITATION SPECTRUM

Figure 7 shows the excitation spectrum of the
total emission, i.e., no-phonon line plus the vi-
bronics, The excitation spectrum of the no-phonon
line was found to be identical. This confirms the
conclusion, already made from the identity of the
lifetime of the no-phonon and vibronic emission,
that the Cr®* emission originates from a single
state, A comparison of the excitation spectrum
with the gross absorption spectrum of TiO,: 0. 005%
Cr shown in Fig. 2 shows that the “background
absorption” previously referred to is duplicated
in the excitation spectrum. In addition, however,
the excitation spectrum shows an increase in ex-
citation at photon energies at which free charge
carriers are produced (~3 eV), This is shown by
a comparison of the excitation spectrum with the
spectral response of photoconductivity shown in
Fig, 8. From this, we conclude that the ex-
citation of the Cr®* ions is derived mainly from
“traps” which are filled by charge carriers, rath-
er than from the direct excitation of the Cr®* ion,
in contrast to Cr®" in AL,0; and MgO, for example.

These experimental facts are duplicated in the
case of Cr® inSrTiO,.!"* We think that the con-
clusions drawn above apply equally to SrTiQ, and
that those drawn by one of us (L.G.) are incorrect.
The latter assumed with Miiller?® that the absorp-
tion bands observed in Cr-doped SrTiO; are the
*A; -*T, and *A, -*T, of the Cr®*ions, respectively.
In fact, they are principally “background absorp-
tion, ” as in TiO,, due to some unknown defect, as
concluded by Stokowski and Schawlow. !

V. SUMMARY

In this paper, we began by noting that, optically,
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FIG. 8. Photoconductivity of undoped TiO, at 4 and
77 K, respectively. The K vector of the incident radia-
tion is parallel to the ¢ axis. The absorption spectrum
is reproduced from D. C. Cronemeyer [Phys. Rev. 87,
876 (1952)].

Cr-doped TiO, shows the same ground-state split-
ting observed by others in EPR, and identified

NO-PHONON 4T26,-4A2g TRANSITIONS OF Cr®* IN TiO, 597

there as Cr®* substituting for Ti**, We thus con-
clude that the no-phonon lines observed in absorp-
tion and emission are due to Cr®*, We next seek
to identify the excited states involved and remark
that the spectra observed do not appear to be
characteristic of the “usual” *4, =%E, transitions,
Next, we reject the possibility that the spectra are
due to transitions between several, rather than
just two, electronic states. We then speculate
that the lowest excited state of Cr®* in TiO, is the
T, rather than the usual ?E state and conclude by
listing evidence for this hypothesis.

If the lowest excited electronic state of Cr®* is,
indeed, the 4T2 state, it is unique in yielding a no-
phonon line, Moreover, it is noteworthy that the
participating phonon states are impurity modes
and that these are different for the *T, and the ‘A,
electronic states,

ACKNOWLEDGMENT

The apparatus of H, S. Yoder of the Geophysical
Laboratory of the Carnegie Institution of Washing-
ton, D. C. was used for the high-pressure experi-
ments, We thank him for his cooperation.

*National Research Council—National Bureau of Stan-
dards Postdoctoral Research Associate, 1968—~1970.

TPresent address: Beli Telephone Laboratories,
Murray Hill, N.J. 07974,

IS, E. Stokowski and A. L. Schawlow, Phys. Rev.
Letters 21, 965 (1968); Phys. Rev. 178, 457 (1969).

?Ludwig Grabner, Phys. Rev. 177, 1315 (1969).

3W. J. Burke and R. J. Pressley, Phys. Rev. 182,
395 (1969).

H. S. Gerritsen, S. E. Harrison, H. R. Lewis, and
J. P. Wittke, Phys. Rev. Letters 2, 153 (1959); H. J.
Gerritsen, S. E. Harrison, and H. R. Lewis, J. Appl.
Phys. 31, 1566 (1960).

5A. M. Glass, J. Chem. Phys. 50, 1501 (1969).

6M. L. Reynolds, W. E. Hagston, and G. F. Garlick,
Phys. Status Solidi 30, 113 (1968); 30, 507 (1968).

"H. L. Schlfifer, H. Gausmann, and H. Witzke, J.
Chem. Phys. 46, 1423 (1967).

®R. A. Parker, Phys. Rev. 124, 1719 (1961).

9P, W. Anderson, in Proceedings of the All-Union
Conference on the Physics of Dielectrics (Academy of
Sciences, Moscow, USSR, 1958), p. 290.

0w, Cochran, Advan. Phys. 9, 387 (1960).

Ug, p, 8. Porto, P. A. Fleury, and T. C. Damen, Phys.
Rev. 154, 522 (1967).

2R, Dittmann and D. Hahn, Z. Physik 207, 484 (1967).

3G, villela, Y. Sackali, A, Lauat, J. Paris, and F.
Gaume-Mahn, J. Phys. Chem. Solids 30, 2599 (1969).

4R, Dittmann, D. Hahn, and J. Stade, Z. Naturforsch
24a, 1323 (1969).

151,, Grabner and S. E. Stokowski (unpublished).

16Amel K. Ghosh, F.G. Wakim, and R. R. Adiss, Jr.,
Phys. Rev. 184, 979 (1969); R. R. Adiss, Jr., A. K.
Ghosh, and F. G, Wakim, Appl. Phys. Letters 12, 397
(1968).

1Tp, F. Nelson and M. D. Sturge, Phys. Rev. 137,
A1117 (1965).

18G, F. Imbusch, thesis, Stanford University, 1964
(unpublished).

3G, F. Imbusch, W. M. Yen, A. L. Schawlow, D. E.
McCumber, and M. D. Sturge, Phys. Rev. 133, A1029
(1964).

2Notation that is used by G. F. Koster, J. O. Dimmock,
R. G. Wheeler, and H. Statz, in Properities of the Thivty-
Two Point Groups (MIT Press, Cambridge, Mass.,
1963).

2R, H. Silsbee and D. B. Fitchen, Rev. Mod. Phys. 36,
432 (1964).

2M. H. L. Pryce, in Phonons in Pevfect Lattices and
in Lattices with Point Impevfections, edited by R. W. H.
Stevenson (Plenum, New York, 1966).

%W, E. Bron, Phys. Rev. 185, 1163 (1969); M. Wagner,
Z. Physik 214, 78 (1968); J. T. Riiter and J. J. Markham,
Phys. Rev. 185, 1201 (1969); and references therein.

g, Mulazzi, G. F. Nardelli, and N. Terzi, Phys. Rev.
172, 847 (1968).

%D, S. McClure, J. Chem. Phys. 36, 2757 (1962).

%K, A, Miiller, in Paramagnetic Resonance, edited by
W. Low (Academic, New York, 1963), Vol. 1.



